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Reports
Reports are the most authoritative and most carefully considered products IDA publishes.
They normally embody results of major projects which (a) have a direct bearing on
decisions affecting major programs, (b) address Issues of significant concern to the
Executive Branch, the Congress and/or the public, or (c) address issues that have
significant economic implications. IDA Reports are reviewed by outside panis of experts 1to ensure their high quality and relevance to the problems studied, and they are released
by the President of IDA.

Group Reports

Group Reports record the findings and results of IDA established working groups and
panels composed of senior individuals addressing major issues which oth"eise would be
the subject of an IDA Report. IDA Group Reports are reviewed by the senior Individuals
responsible for the project and others as selected by IDA to ensure their high quality and I
relevance to the problems studied, and are released by the President of IDA.

Papers
Papers, also authoritative and carefully considered products of IDA, address studies that
are narrower in scope than those covered In Reports. IDA Papers are reviewed to ensure

that they meet the high standards expected of refereed papers in professional journals or
formal Agency reports. 3
Documents
IDA Documents are used for the convenience of the sponsors or the analysts (a) to record
substantive work done In quick reaction studies, (b) to record the proceedings of
conferences and meetings, (ci to make available preliminary and tentative results of '
analyses, (d) to record data developed in the course of an investigation, or (e) to forward

information that is essentially unanalyzed and unevalnated. The review of IDA Documents
Is suited to their content and Intended use. 3
The wo,,k reported In this publication was conducted under IDA's Independent Research
Program. its publication does not imply endorsement by the Department of Defense, or j
any other Government agency, nor should the contents be construed as reflecting the I
official position of any Government agency.

This Paper has been reviewed by IDA to assure that it meets high standards of
thoroughness, objectivity, and appropriate analytical methodology and that the results,
conclusions and recommendations are properly supported by the material presented.
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PREFACE

This paper was produced by the Institute for Defense Analyses (IDA) under the5 IDA Independent Research Program. The paper develops, tests and applies a systematic

theory relating force to space ratios and conventional combat outcomes, and describes aft simple PC-level computer model developed to automate the calculations associated with

that theory. The paper has several purposes. It is intended in part to illuminate policy

issues relating to conventional force reductions in Europe, and the development of post

Cold War strategy and force structure for the NATO Alliance. More broadly, however, it

is also intended to contribute to an improved understanding of the dynamics of conven-

I tional warfare at low force levels generally-and to the development of an improved

body of theory for explaining the outcomes of armed conflict at the theater level. There is

ta large and heterogeneous literature on the conduct of conventional warfare, but very

little of it was prepared with the clarity required to support selection among competing

hypotheses by systematic comparison with experience; a major purpose of this paper is

thus to contribute to the development of a more rigorous, cumulative approach to the

study of cause and effect in this crucial field of inquiry.

The fundamental implication of this theory is that the widespread perception that

there exists a minimum force to space ratio for successful defense is largely incorrect.

While the force to space ratio does affect combat outcomes, and while lower force to

space ratios do tend to favor attackers over defenders, this effect need not be decisive, and

I the relationship between force density and defense effectiveness is not independent of the

size of the attacking force or the doctrine and weapons used by the two sides. If the

3 defender adapts his operational doctrine to suit the demands of a lower density battlefield,

and if cuts in defensive forces are accompanied by cuts in offensive forces, the,, it should

i be possible to defend effectively even at very low ratios of force to space. Given this,

there is no purely military floor on acceptable NATO force levels-as long as the

Alliance negotiates appropriate limits on Soviet forces, and as long as NATO militaries

make appropriate adjustments in operational doctrine.

To substantiate these conclusions, the paper is organized as a brief main report

which summarizes the theory and applies it to the policy issues of NATO troop

iiiI1
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reductions and Alliance strategy. This summary is supported by a series of appendices I
which describe the theory and the process by which it was developed in substantially

greater detail. That process began with an extensive review of existing theoretical I
literature to establish the current state of knowledge with respect to the effects of force

density. The results of this review are described in appendices A and B. An explicit 3
hypothesis relating force density to combat outcomes was then developed and tested. The

equations constituting the resulting theory are derived, motivated, and described in

appendix C. Testing was conducted by controlled experimentation using a highly

detailed, disaggregate combat simulation, the Lawrence Livermore National Laboratory's

JANUS model. The testing process, results, and epistemological issues relating to the use

of simulations as in vitro experimental tools are described in appendix D. A FORTRAN

code was then written to automate the calculations associated with the equations I
embodying the final theory. This code constitutes a simple, theater-level model of

conventional combat embodying the relationships described in the theory. This VFM (for *
Variable Force eMployment ) model is documented in appendix E. The data file used to
produce the base case results is described and documented in appendix F. Sensitivity

analyses are given in appendix G, and a bibliography is provided in appendix H.

This work has benefited from the contributions of many individuals. Within the

IDA study team, David Gray performed the review of Western literature, and executed

JANUS experiments and regression analyses. Stuart Kaufman, now of the University of

Kentucky, performed the review of Soviet theoretical literature. D. Sean Barnett

developed the VFM model's optimization routine, and wrote the associated section of the

VFM code. Dennis DeRiggi reviewed the equations and, together with D. Sean Barnett,

wrote the FORTRAN code for the VFM model. Stephen Biddle developed the theory and

the strategy for testing it, designed the test procedures, conducted the analyses using the 3
model, and directed the study as a whole. The paper was formally reviewed by Dr.

Jeffrey Grotte and Mr. John Tillson of the IDA staff, Dr. Jerome Bracken of Yale 3
University, and General Ennis Whitehead (U.S. Army, retired). The authors are also

grateful for the many useful comments provided by informal reviewers, including Dr.

Joshua Epstein of the Brookings Institution; Dr. Peter Feaver of Duke University and the

Mershon Center at Ohio State; Col. David Glantz of the U.S. Army's Soviet Army

Studies Office at Ft. Leavenworth; Professor John Mearsheimer of the University of

Chicago; Dr. Ivan Oelrich of the Office of Technology Assessment; Dr. Robert Pape of

the University of Michigan, and the members of the Arms Control Seminar of the 5
i
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I University of Michigan's Program for Peace and International Security Research; and

particularly to their colleagues at IDA, especially Dr. Peter Brooks, Col. W.M.

Christenson (U.S. Army, retired), Mr. Marshall Hoyler, and Dr. Victor Utgoff.

Invaluable administrative and production assistance was provided by Mrs. Bernie Aylor,

Ms. Cori Bradford, Ms. Eileen Doherty, and Ms. Barbara Fealy.
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U DEFENSE AT LOW FORCE LEVELS:
THE EFFECT OF FORCE TO SPACE RATIOS ON

CONVENTIONAL COMBAT DYNAMICS

U A. INTRODUCTION

3, Defense at low force levels has become a central issue for conventional net assess-
ment and force planning. In Central Europe, for example, major troop reductions are now

all but inevitable given the dramatic political changes of the recent past. While some

forces will remain, it is now clear that any foreseeable East-West conflict would occur at

much lower force levels than those of the past four decades. Moreover, with the relax-

ation of East-West tensions in Central Europe, other security concerns acquire new

salience. The prospect of East-East conflict among tbh emerging nations of Eastern

Europe, for example, has become a significant issue. Any such conflict, however, would

involve radically smaller forces-although the frontiers to be defended are potentially5 quite large. More broadly, an essential question for the development of any new security

architecture for a multipolar Europe is the ability of small armies to defend effectively

within a diverse system of potential coalitions. Nor is the issue of defense at low force

levels confined to Europe. Elsewhere in the world, force levels are often much lower

than has been the case for the traditional NATO-Warsaw Pact confrontation, yet the dan-

ger of armed conflict can be quite high. Pakistan, for example, defends a frontier with
India twice the length of the old Inter-German border, but with only half the troops of

3 NATO.

Little is known, however, about the effectiveness of conventional defenses at such3 low force levels, or about the proper design or employment of such small forces. For

most of the postwar era, the attention of the defense planning community focused on

I warfare between large armies on the inter-German border. Until very recently, even

modest reductions in those forces seemed unlikely, while the prospects for deep cuts

seemed too remote to warrant significant analysis. As a result, the military consequences

of low force levels have heretofore received limited attention.

3 Yet there is reason to believe that defense at low force levels may be a very differ-

ent proposition. It has been argued, for example, that to defend a fixed frontier requires a

I
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certain minimum number of divisions-i.e., a minimum "force to space ratio." At I
defensive force levels above this minimum, it is argued that combat pi -duces a slow-

moving war of position, favorable to defenders on prepared terrain. If the defender falls S
below this minimum density, however, it has been argued that combat becomes a war of

maneuver characterized by deep penetrations, encirclements and meeting engagements,

fought in the depths of the defense and favoring mobile attackers over static defenders.

Moreover, this minimum force density is generally argued to be independent of the size

of the opposing force. To mount an effective forward defense, it would therefore be

necessary to provide at least this minimum force, even if the attacking army were also

small in size relative to the length of the contested frontier. Even an attacker to defender
(or force to force) balance of parity, it is argued, could still produce defeat for the

defender if the force to space ratio dropped below the forward defense minimum.- I
If true, this conception of defense at low force levels has important implications.

Most estimates of the minimum force to space ratio fall in the neighborhood of one divi- S
sion per 25 to 30 kilometers of front. For the reduced forces of the new Europe, however,

this density is quite high. NATO, for example, is virtually on the threshold today; future I
troop cuts will thus push NATO well below this minimum. Even the Soviet Union will

be hard pressed toe maintain forces sufficient to defend its own borders at this troop 5
density, while no other East European army can provide such a density today, much less !
t For exemplary arguments, see James A. Thompson and Nanette C. Ga-tz, Conventional Arms nrol

Revisited: Objectives in the New Phase (Santa Monica, CA. Rand, 1987), Rand Note N-2697-AF;
John J. Mearsheimer, "Numbers, Strategy, and the European Balance," Ineationa Security, Spring I
1988 (Volume 12, No. 4), pp. 174-185; General John R. Galvin, "Some Thoughts on Conventional
Arms Control," Srvival, April, 1989. pp. 99-107; Stephen J. Flanagan and Andrew Hamilton, "Arms
Control and Stability in Europe: Reductions are not Enough," Srvial, September/October 1988, pp. U
448-463; James W. Moore, "The Estimation of Optimum Force Size and Force Reduction Potential in
Conventional Arms Reduction Negotiations," Arm n l September 1988 (Volume 9, No. 2), pp.
116-133; Operational Minima and Force Buildum of the Warsaw Pact and NATO (Bonn, Federal
Republic of Germany: Federal Ministry of Defense, 1989), unpublished manuscript; Jack Beatty, "The
Exorbitant Anachronism" The Atlantic Monthly, June 1989, pp. 40-52; Leonard Sullivan, Jr., Senriix
and Stabiliy in Conventional Forces: Differing PeceMions of the Balance (Washington, D.C.: The
Atlantic Council of the United States, 1988), pp. 8-9, 39, 60-5; Comments of General Hans Henning I
von Sandrart, Commander in Chief, Allied Forces Central Europe, as reported in Peter Adams, "NATO
Has Little to Barter in Conventional Arms Talks, Commander Says," D, November 7,
1988, p. 21; Andrew J. Goodpaster, Gorbachev and the Future of East-West Security: A Reanwone for
t (Washington, D.C.: The Atlantic Council of the United States, 1989), pp. 1-17, esp. p. I
11; United States General Accounting Office, NATO-WKM b"t Assment of the Conventional

alance (Washington, D.C.: Government Printing Office, 1988), Main Report and Supplement,
GAO/NSIAD-89-23 and 23A, pp. 13, 18, supplement pp. 42-3, 63. For a more detailed review of the I
public debate on this issue, see appendices A and B.

2 I
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after further troop reductions. If this conception of the effects of force to space ratios is

true, the consequences for military stability in the new Europe could thus be unsettling.

More immediately, NATO must make near term decisions regarding specific troop cut

proposals and possible revisions of Alliance strategy. Under a conception of force to

I space ratios such as that described above, however, it would be difficult to argue that any

realistic force level could provide an actual defense of the Alliance's borders, and it would5 require NATO to abandon its strategy of Forward Defense.

To know whether this is so, we need a deeper understanding of the underlying

dynamics of defense at low force to space ratios. Current arguments on the nature of

force to space minima are useful as a point of departure, but as yet there has been no

systematic description of the relationship between force density and defense effective-

ness. Without such a description, however, it is difficult to know whether the minimum

defensive density is above or below that achievable by any given state; whether the

minimum can be altered by changes in technology or doctrine; or even whether such a

"minimum" force to space ratio exists at all, independent of the force to force ratiof between the two combatants.

The purpose of this paper is thus to develop such a description-a rigorous, care-

5 fully specified theory relating force uo space ratios and conventional combat outcomes.

We will then use this theoretical foundation to address some particular policy issues of3 significance for U.S. and Alliance decision making in the near term, specifically: how far

can NATO reduce its forces and retain a credible conventional defense against some

potential future Soviet attack, and would deep cuts in ground forces compel NATO to

modify or abandon its declaratory strategy of Forward Defense?

£ In particular, we will argue that a minimum force to space ratio does not exist

independent of the size of the attacking force and the doctrine and weapons used by the

two sides. While the force to space ratio does affect combat outcomes, and while lower

force to space ratios do tend to favor attackers over defenders, this effect need not be

decisive. If the defender adapts his operational doctrine to suit the demands of a lower

density battlefield, and if cuts in defensive forces are accompanied by cuts in offensive
forces, then it should be possible to defend effectively even at very low ratios of force to

5 space. Given this, there is no purely military floor on acceptable NATO force levels---as

long as NATO negotiates appropriate limits on Soviet forces, and as long as NATO

3• militaries make appropriate adjustments in operational doctrine.

3
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To substantiate these conclusions, the balance of the main report is organized in I
four sections. A brief history of the force to space ratio issue is provided to establish an

analytic context. An overview of the theory developed in the study is then provided,

followed by a discussion of its application to the policy issues of NATO troop reductions

and Alliance strategy. The main report is supported by a series of appendices which 3
describe the theory and the process by which it was developed in substantially greater

detail. That process began with an extensive review of existing theoretical literature to

establish the current state of knowledge with respect to the effects of force density. The

results of this review are described in appendices A and B. An explicit hypothesis

relating force density to combat outcomes was then developed and tested. The equations

constituting the resulting theory are derived, motivated, and described in appendix C, as

are the limitations and bounds of application of that theory. Testing was conducted by 5
controlled experimentation using a highly detailed, disaggregate combat simulation, the

Lawrence Livermore National Laboratory's JANUS model. The testing process, results, 3
and epistemological issues relating to the use of simulations as in vitro experimental tools

are described in appendix D. A FORTRAN code was then written to automate the calcu-

lations associated with the equations embodying the final theory. This code constitutes a

simple, theater-level model of conventional combat embodying the relationships

described in the theory. This VFM (for Variable Force eMployment) model is docu-

mented in appendix E. The data file used to produce the base case runs described below
is described and documented in appendix F. Sensitivity analyses are given in appendix I
G, and a bibliography is provided in appendix H.

B. HISTORY OF THE ISSUE

While the salience of force to space ratios in the public debate is a recent devel-

opment, the issue itself is much older.2 Occasional references to the effect of force

density on combat results can be found as early as the 1830s. 3 The first sustained treat-

ment, however, was by European military officers in the decades prior to the First World

War. The issue arose in the context of the widespread effort to come to grips with the

meaning of the new, high firepower weapons technology that had become available in the

2 For a more detailed treatmne of the litcrature on foare-to-space mtios, wse appendices A and B. I
3 lausewiz, for example, observed that: "In fact, a fairly constant ratio exists between the size of a fkme

and the area it can occupy .... it is enough to say that the relationship between the two is permanent ad
fundamental." Carl von Clauaewuz, On Wai. translated and edited by Michael Howard ud Peter PU I
(Princeton, NJ: Princetm Univesity Press, 1976), Book VI, Chapter 25. p. 472.
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late nineteenth century. Writers such as Wilhelm Baick and Jean Colin concluded, in

effect, that against machine guns and rapid-fire artillery, a direct frontal assault c .1 no

longer succeed. To advance against such weapons required that attackers find f nk, or

a gap, against which an assault could be directed without trying to overpow . an intact

I defense directly. If a defender could present a continuous front, however (i.e., one with

neither flanks nor gaps), these writers concluded that any attacker would incur prohibitive

£ losses.4 This conclusion led to a variety of fairly elaborate calculations of the number of

men per meter required to produce such a continuous front-in effect, calculations of

I minimum force to space requirements.

This theme largely disappeared from military writing in the immediate aftermath5 of the war. The issue resurfaced with Basil Liddell Har's work in the late 1930s. In

effect, Liddell Hart argued that insufficient force densities on the Polish border made the

Poles vulnerable to German attack in spite of the general defense-dominance he espoused

at the time, but that the more densely populated French frontier was proof against
invasion. 5

I With the coming of the Second World War, the apparent failure of Liddell Hart's

predictions cast a general pall over his prewar assessments. 6 Moreover, in the aftermath

I of Hiroshima, attention turned to the question of nuclear weapons and their implications.

Thus the issue of force to space ratios again subsided from view.

Liddell Hart, however, returned to this theme in 1960, codifying his thoughts on

force density in a book chapter and a corresponding article.7 In these later writings,

3 Liddell Hart set the basic terms of the modem debate over force density. Much like

Balck and Colin, he argued that the defender's ability to create a continuous front was of

4 See, for example, Jean Colin, The msgmnim~s of W', translated by LH.R. Pope-Hennessy (London:
Hugh Rees, Ltd., 1912); and Wilhelm Baick, Tw&iRa, translated by Walter Kruger (F. Leavenworth
KS: U.S. Army Cavalry Association, 1915 translation of the fourth edition of 1908).

See, for example, Bas H. Liddell Hart. The Defense of Britain (London: Faber and Faber, L_., 1939),
pp. 54, 96, 107, 123. Liddell Hart subsequently sought to downplay the latter argument and stress the
former. See his later treatment of these issues in TeLiddell Hart Memoirs- Vol-11 (New Yodrk GY..

Putnam's Sons, 1965),pp. 138,253.
John J. Mearsheimer, Liddell Hart and the Weight of JiLor (Ithaca and London: Coneil University

Press, 1988), pp. 151-6, 178-9; see also Brian Bond, Liddell Hart A SMdv of his Military Thoumht
(New Bnmswick, NJ: Rutgers University Press, 1977), pp. 112-115,119-121.

7 Basil I. Liddell Hart, "The Ratio of Troops to Space," MdI Review Vol.XL, April 1960, pp. 3-14;
and Deteent or Defense* A Fresh Look at the West's Military Position (New York: Przger, 1960),
pp. 97-109.
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crucial importance to the success of the defense. The number of men required to create I
such a continuous front over a given distance he labeled the minimum ratio of "troops to

space." While attacks against a continuous front would require in excess of a 3:1 force 5
superiority to succeed, even modest attacks could succeed against defenses below the

minimum troop-to-space ratio. 3
At this point, the issue again largely disappeared until John Mearsheimer redis-

covered it in the context of the conventional balance debate of the early 1980s.8 While I

significant, force to space ratios were but one of several issues addressed in that debate.

With the INF Treaty in 1987 and the emergence of a serious opportunity for conventional

arms control by mid-1988, however, the implications of force density for combat results

assumed paramount importance. Following publication of an influential RAND study

which explicitly linked force density and arms control policy, 9 the late 1980s thus

brought about a dramatic expansion in the volume of literature on the effects of force to

space ratios. At the same time, Alliance policy came to reflect the conclusion that a

minimum force to space ratio determines a floor for NATO force reductions, and the idea

became an essential underpinning of the NATO position in the CFE I negotiation.10  3
But while CFE has driven the force to space ratio issue to unusual salience in the

larger public debate, the issue itself is thus much older. Concern for defense at low densi- I
ties has been present in the military literature for at least the last hundred years, and has

waxed and waned at regular intervals since then. These various ups and downs have not, 5
however, produced a formal theory of force to space ratios sufficient to sustain attempted

falsification, or to answer the kinds of detailed questions that emerged once the policy

community discovered the issue. How strong is the force to space ratio effect? Would a

fifty percent force reduction lead to the collapse of Western defenses, or to a moderate
increase in an attacker's ability to take and hold ground? Can the disadvantages of a I
lower force to space ratio be offset by reductions in the force to force ratio, and if so, by

8See John J. Mearsheimer, *Why the Soviets Can't Win Quicl in Central Europe,"gdjMW
VoL7, No.1 (Summer 1982), pp. 3-39; also Wan d Deterence (Ithaa and Lodon: Comel
University Press, 1983), pp. 181-3; and the somewhat later "Numbeus, Strategy mad the Eumpeuz
Baiance," op. CiLt

9 James A. Thompson and Nanette Gantz, Conventional Arms Control Revsited: Objetives in the Na
ETl.m op. Cit.

10 See, for example, General John R. Galvin, "Some Thoughts on Conventional Arms Control" op. cit.; 3
Peter Adams, "NATO Has Little to Barter in Conventional Arms Talks, Commnmder Says." op. cit.
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how much? Is the minimum force to space ratio wholly independent of the weaponry or

doctrine of the other side, or are there changes in the nature of the attacking army that

could lower the floor on defensive force levels? Are there changes in defensive forces or

doctrine that could lower the minimum? To answer these questions it is necessary to

move beyond the existing literature and to develop a more systematic explanation of the

relationship between density and combat outcomes.

C. A THEORY OF FORCE TO SPACE RATIOS

3 How, then, do force to space ratios affect combat outcomes? To answer this

question we will advance and test an explicit causal theory. Of course, causation in con-

ventional warfare is clearly very complex; it involves a host of issues other than force to

space ratios per se. To develop a meaningful explanation we will therefore begin with the

larger context of theater-level combat as a whole and distill from this complex process an

abstraction of its underlying dynamics in terms that allow us to identify the role played by

force density.

I In particular, we will describe the dynamics of theater-level conventional combat

in terms of a race between attacker concentration and defender counterconcentration. The

5 effect of force density can then be explained in terms of the initial conditions it estab-

lishes for this race, and how these initial conditions influence the ultimate outcome. We3 will then describe some important intervening variables affecting the relationship

between force density and combat outcomes as suggested by these dynamics. Given the

resulting theory, we can then deduce both the relationship between force density and

combat outcomes, and the degree to which that relationship is sensitive to changes in

3 other variables.

To facilitate this process of deduction, the variable interactions which comprise

our explanation of theater dynamics have been specified more precisely as a series of

formal hypotheses. This more formal treatment facilitates testing and allows us to inter-

connect our hypotheses in an explicit mathematical model. This model, which thus

I[ embodies the causal explanation developed in the theory as a whole, enables us to derive

the relationship between force density and combat outcomes by observing changes in the

3 model's output as we vary input force density.

We will not, however, attempt to specify these formal hypotheses (or the resulting

mathematical model) here. Detailed derivations of the hypotheses, the model, and the

validity testing conducted to evaluate those hypotheses are provided in appendices C, E,
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and D, respectively. Instead, our immediate goal is to outline the general logic of cause m

and effect underlying the more detailed formulation in the appendices, and in so doing, to

motivate the relationship between force to space ratios and combat outcomes deduced I
from that formulation.

1. Force to Space Ratios and the Dynamics of Theater-Level Conventional
Warfare

Let us begin by assuming that the theater attacker ("red") chooses a point of attack

and concentrates a large fraction of his forces opposite that chosen point, defending

elsewhere with the remainder. We will further assume that, initially, the location of this

point is unknown to the theater defender ("blue"). Prior to discovering this point of

attack, blue distributes his forward forces across the length of the frontier. Forward I
forces' mobility is limited by their proximity to the enemy;, once they are committed, they

are difficult to disengage. Defensive reserves are more mobile. Once the defender 3
locates the point of attack, withheld reserves thus move to that point, while engaged

forward forces defend in place. Upon arrival, reserves assigned to passive reinfocement 3
dig in astride red's axis of advance. Reserves assigned to counterattack concentrate

against a chosen point on the flank of the red penetration and launch a smaller scale

equivalent of the red theater offensive in an attempt to cut off the red spearheadL

Prior to the arrival of those reserves, however, red's local concetration provides a

high attacker.defender force to force ratio at the point of attack. Red attempts to exploit

this local advantage by overwhelming the initially outnumbered forward defenders and

breaking through into blue's vulnerable rear area before sufficient reserves arrive as to

make further advance impossible. If red is able to break through, continued defense in a

theater as shallow as Central Europe would be extremely difficult. As a point of depar-

ture, we will assume that successful breakthrough is tantamount to the catastrophic failure

of the d.fense. If red fails to break through, his net territorial gain amounts to the ground 5
taken prior to being halted by the arrival of blue's reserves, less any territory retaken by

reserves assigned to counterattack. In either case, however, red's strategic objective is

assumed to be to take and hold as much blue territory as possible-ideally by break-

through and annihilation of the opposing army or, alternatively, by continuously opposed

advance.

Given this race between red concentration-penetration and blue counterconcentra-

tion, what role does force density play? In effect, force density establishes the starting
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